A method of generating nondiffracting beams using multimode optical fibers is reported. When a large-core multimode fiber is spliced onto a piece of single-mode fiber, only linearly polarized ͑LP 0,n ͒ modes are excited inside the multimode fiber segment because of mode orthogonality and on-axis excitation. Since the excited LP 0,n modes are actually Bessel fields with different transverse wave vectors truncated by the core of the multimode fiber, the beam exiting the multimode fiber facet can form a variety of readily controllable and nearly nondiffracting optical patterns resulting from interference of apertured Bessel fields.
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Bessel beams, a special class of nondiffracting beams associated with propagation invariant solutions of the Helmholtz equation, were proposed by Durnin et al.
1,2 They have been intensively investigated in the past two decades because of their many applications, 3 e.g., optical driving, particle manipulation, and nonlinear optics. Although it is impossible to experimentally realize an ideal Bessel beam because it would extend over the entire space and contain an infinite amount of energy, a variety of methods to generate approximate Bessel beams have been demonstrated.
2,4-13
Common techniques for Bessel beam generation apply an annular aperture located at the focal plane of a lens, 2,4 an axicon, 5 an etched hologram, or a computer-generated hologram. 6 Other special methods utilize localized modes 7 or frequency doubling. 8 All of these techniques are based on the fact that a Bessel beam is the result of interference of plane waves propagating on a conic surface. Recently, several techniques differing from this concept have been proposed, such as using an opaque disk 9 or a tunable gradient index of refraction lens. 10 All of these methods involve bulk optics and require careful alignment.
In order to overcome the disadvantage of bulk optical elements and generate Bessel-like beams with compact fiber devices, microaxicons 11 and whispering gallery mode resonators 12 fabricated on facets of optical fibers have been proposed. However, their fabrication is complicated and difficult to control. Recently, Ramachandran and Ghalmi 13 demonstrated a method to generate Bessel-like beams from an optical fiber with a long-period fiber Bragg grating that converts a core mode into a Bessel-like cladding mode. This method, however, is limited to discrete wavelengths.
Here, we present an extremely simple and cost effective method to generate nondiffracting beams using optical fibers.
In contrast with all previously demonstrated devices, the beam generated from our fiber device can be easily manipulated, even after the device has been fabricated. Moreover, as a consequence of multimode ͑MM͒ interference, the output beam can form a variety of longitudinal intensity shapes that traditionally can only be obtained from interfering Bessel beams with complicated optical systems. [14] [15] [16] The design of the fiber device is schematically shown in Fig. 1 . A short-piece of large-core MM fiber is spliced onto a conventional single-mode ͑SM͒ fiber. Since the performance of this device can be manipulated through the wavelength of the launched light, 17 a single-frequency tunable semiconductor laser was used as the signal source. To measure intensity distributions at various distances from the MM fiber facet, the generated beam was magnified by an aspheric lens with a numerical aperture ͑NA͒ of 0.5 and a focal length of 8 mm ͑Thorlabs, C240TME-C͒ and the profiles were recorded by an infrared charge coupled device ͑CCD͒ camera ͑Electro-physics, Model 7290 A͒. Because the aperture of the lens is 8 mm and its NA is much larger than that of the MM fiber ͑NA= 0.2͒, the effect of lens induced optical aberrations on the reconstruction of the Bessel beams in the CCD camera plane is negligible. The principle of the fiber device can be described as follows: The fundamental LP 0,1 mode ͓E in ͑r , ͔͒ of the SM fiber is coupled to the MM fiber, where LP 0,n modes ͑n is the radial index͒ are excited. 17 Mathematically, the fields of the LP 0,n modes in the MM fiber core ͑examples are shown in Fig. 2͒ are represented by apertured Bessel functions J 0 ͑k z,fn r͒ with transverse wave vectors k z,fn = ͑n f 2 k 2 − ␤ fn 2 ͒ 1/2 . Here, k =2 / , n f is the refractive index of the fiber core, ␤ fn are the propagation constants of the LP 0,n modes, and r is the radial coordinate and smaller than the core radius of the MM fiber R. Because each LP 0,n mode propagates along the waveguide independently with its respective propagation constant, the field at the output facet of the MM fiber is the superposition of Bessel-like fields, 
where L is the length of the MM fiber segment, N is the number of the excited modes in the MM fiber segment, and C n are the decomposition coefficient that can be obtained by
Then the beam propagating in free space after leaving the fiber can be approximated as
with k z,n = k z,fn . As a consequence of the superposition of multiple Bessel fields, the propagation of the beam can be almost diffraction-free and special beam patterns can be generated at certain axial regions. [14] [15] [16] While Eq. ͑3͒ is a good approximation for the central propagation-invariant field, the entire field should be obtained from the field E out ͑r , L͒ using diffraction theory.
Because high-order mode fields resemble more closely exact Bessel fields the nondiffracting propagation is most pronounced when higher order LP 0,n modes are excited. As an illustration, the intensity profiles of the first three and the last three strongly excited LP 0,n modes inside a 105 m MM fiber are plotted in Fig. 2 . The main part of Fig. 2 shows the energy distribution between the excited Bessel-like modes for the case when light from a conventional SM fiber ͑SMF-28, 8.2 m core diameter͒ is coupled into the 105 m MM fiber. The larger the core diameter of the MM fiber, the more LP 0,n modes are excited and the more energy is coupled to high-order LP 0,n modes. 17, 18 Therefore, a largecore MM fiber is beneficial for nondiffracting propagation. Moreover, because the full width at half maximum ͑FWHM͒ of high-order LP 0,n modes becomes smaller than that of the input field ͑compare the first inset and the last three insets in Fig. 2͒ , intensity profiles with extremely small central spot size can be formed, which may find applications in optical interconnection and alignment.
Compared with other devices that usually generate a single Bessel field, whose energy is equally distributed in the central spot and concentric rings, this fiber device can concentrate more energy in the desired nondiffracting pattern ͑usually the central spot or the first ring͒ due to controllable MM excitation and interference accomplished by changing the SM-MM fiber core diameter ratio as well as the MM fiber length. 17 Most importantly, due to the wavelength dependence of the interference, the beam exiting the MM fiber can exhibit various longitudinal shapes for different signal wavelengths. Therefore, the nondiffracting pattern generated by this fiber device can be manipulated by solely changing the wavelength.
In Fig. 3 the intensity profiles at selected near-field planes and 10 cm far-field plane are shown for beams generated with two fiber devices. To demonstrate the flexibility and versatility of our approach to generate nondiffracting beams results are shown for two different wavelengths. For the device with a 42 mm long MM fiber segment and an input wavelength of 1510 nm, the pattern near the fiber facet is a very bright central spot that changes to a bright ring after propagating 250 m. 300 m from the fiber facet it transforms back to a bright central spot and later changes again into a bright ring at 500 m. It goes back again to a bright on-axis spot which is then maintained during propagation. Clearly, on-axis intensity oscillations 14, 15 as a result of interfering Bessel beams are observed in this case. When the wavelength is 1570 nm, however, the optical field is highly localized ϳ100 m from the fiber facet as a consequence of self-imaging of the input field. 16, 19 For the fiber device with a 43 mm long MM fiber segment and a wavelength of 1510 nm, again a highly localized optical field occurs at 300 m. However, when the input wavelength is 1570 nm, the non- diffracting pattern is always a bright on-axis spot resembling a line trap as a result of constructive addition at the center. Clearly, the beam generated by the fiber device exhibits propagation behavior that depends on the input wavelength and the MM fiber length. The on-axis intensity at selected distances from the MM fiber facet was obtained from unsaturated CCD images and is plotted in Fig. 4 for each case shown in Fig. 3 . For comparison, the intensity evolution of a 1510 nm beam exiting directly from the SM fiber is also shown. For the beam coming from SMF-28, the on-axis intensity reduces to half of its original value after propagating ϳ50 m due to diffraction. In contrast, the on-axis intensity of the 1570 nm beam exiting the 43 mm long MM fiber remains above half of its maximum for propagation distances of more than 600 m, i.e., one order of magnitude longer than without the MM fiber. Oscillations of the on-axis intensity of the 1510 nm beam exiting from the 42 mm long MM fiber show that the fiber device can produce a longitudinal beam shape similar to that of multiple interfering Bessel beams. 14, 15 Through a proper choice of signal wavelength and MM fiber length, the fiber device can also realize highly localized optical wave field ͓cases ͑b͒ and ͑c͒ in Fig. 3͔ , which are similar to those of fiber lenses. 16, 19 The FWHMs of the central spot of the intensity profiles for the cases shown in Fig. 3 were also obtained from unsaturated CCD images and are plotted in Fig. 5 ͑Note that the FWHM is assumed to be zero when a bright ring is formed͒. In contrast with the fast expanding of the beam directly exiting the SM fiber ͑black stars͒, beams shaped by the MM fiber segment exhibit nondiffracting propagation. At some positions, the FWHM of the central spot is much smaller than that of the input field due to the survival of high-order LP 0,n modes.
In conclusion, a simple and compact fiber device that can generate controllable nondiffracting beams has been demonstrated. Beam profiles generated by this fiber device can be flexibly controlled by the input wavelength as well as the length of the MM fiber segment. 
